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SUMMARY OF RESULTS

INTRODUCTION

Calcium silicate cements are the basis for the most widely used material in the world with
ordinary Portland cement OPC) the structural material of choice for buildings, highways, bridges.
and most of the other large structures in our everyday surroundings. OPC is usually mixed with
enough water to be flowable such that near net shaping via casting is possible. A typical water to
cement mass ratio (w/c) is 0.4. However, this level of water necessary to produce a castable
cement paste is much greater than that required merely for the hydration of the cement precursor
and residual water remains in the microstructure compromising mechanical properties. It has been
shown that cements with greater strengths can be achieved by reducing the amount of water below
a w/c of about 0.2 but these cements are often not flowable enough to be cast and must be formed
via shear intensive operations such as extrusion or uniaxial pressing which limits the shapes that
can be formed. Therefore, the long term objective of our work is to produce high strength calcium
silicate cements without compromising the ability to use near net shape forming techniques.

The maximum compressive and flexural strengths for cement paste have been produced by
Roy and Gouda (1975) at the Materials Research Laboratory at Penn State and Kendall et. al
(1983-88) of the Imperial Chemical Company, respectively. Successive processing iterations have
led to compressive strengths as high as 655 MPa (Roy and Gouda) and flexural strengths up to
250 MPa (Kendall et. al). The key to the development of high strength cements has been the
elimination of microstructural flaws through increasingly more rigorous and carefully controlled
processing iterations to reduce the size of critical flaws. Processing iterations have increased
strength primarily by eliminating residual porosity. The work by Roy and Gouda (1975)
underscored the effect that elimination of large crack-like flaws can have on improving swength and
set the stage for the later studies by researchers at the Imperial Chemical Company (Birchall and
coworkers including Kendall) to produce significant advances in flexural strength.

In the present study, a chemical engineering approach has been employed to promote
elimination of large size flaws and improve strength. A general philosphy in the program was to
prepare advanced cements designated as chemically bonded ceramics and use fracture mechanics
and fractography to determine the size and origin of the critical flaw. Critical flaws of a certain
type were eliminated in subsequent materials by alteration in some stage of the processing scheme.

The processing iterations with improvements in flexural strengths and fracture toughness
for samples produced on this program are shown in Figure 1. Chou and Mecholsky (1990) have
established that a fracture toughness test and flexural strength determination that also provides
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Figure 1. Processing Iterations Performed to Date with Flexural Strength and Toughness
Achieved for each Iteration.
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the critical flaw size, originally developed for advanced ceramics, can also be used for the
chemically bonded materials in this program (see Appendices I and IT). It can be seen that flexural
strength has been improved from less than 10 MPa to about 80 MPa for the highest strength
material. Likewise, fracture toughness has been improved from 0.3 MPa'ml/2 up to almost 2.5
MPa-m!/2 for the second iteration. The maximum fracture toughness achieved without the
addition of a dispersed phase was 1.5 MPa-m!/2. Thus, dramatic mechanical property
improvement has been achieved using the iterative approach.

The processing innovations that we are using on the program include advanced synthesis
techniques for the CBC precursor powders, incorporation of surface chemical principles to
enhance forming and chemical bonding of the materials, advanced forming techniques to both
refine microstructure and produce unique shapes (e.g., substrates, guides, etc.), and the use of
rigorous fracture mechanics analyses and fractography to analyze critical flaws and
microstructures. Of these three areas of innovation, we believe that the resuits on the advanced
synthesis, the surface chemistry, and the fractography will have the greatest impact on the general
enhancement of CBC strength. However, the advanced forming techniques also will have a major
role to play in ensuring that high strengths are achieved while still ensuring formability.

The progress on each of these research areas is presented. First, the evaluation of
mechanical property determinations based on indentation techniques for cementitious materials is
reviewed followed by the processing property iterations tested during the current reporting period.
Some conclusions may be drawn that indicate the directions for current and future studies.

MECHANICAL PROPERTY AND CRITICAL FLAW DETERMINATIONS ON
CBC MATERIALS

One of the most important goals of the current program was to analyze the effectiveness of
indentation techniques for evaluating the mechanical properties of cementitious materials.
Indentation techniques were combined with fracture surface analysis techniques, i.e., identifying
the critical crack size and calculating the fracture toughness, in order to obtain comparative values
with small crack techniques (see also Appendices I and II). The emphasis on small crack
techniques is important because failure of reasonably good macro-defect-free (MDF) cements will
have cracks smaller than 200 1m and of approximately the same shape as indentation-induced
cracks.

The indentation-strength technique was found applicable to MDF cements for measuring
fracture toughness!. A strength-indent load graph is shown in Figure 2. This graph demonstrates
that the indentation theory developed for glass and polycrystalline ceramics is consistent with the
data for MDF cements. This was the first time that the strength-indentadon technique has been
applied to cements. However, attempts have been made to apply crack-indentation techniques to
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Figure 2. Flexural strength versus indent load is consistent with a -1/3 slope at high indent loads.

cement pastes with limited success2. The previous work? gained qualitative insight into fracture
mechanisms, but did not attempt quantitative determination of the fracture toughness from the
indentation impressions. By using both optical and electron microscopes, fractography becomes a
powerful tool for estimating the toughness. The two techniques give comparable values (Table 1).
We suggest that small crack techniques are applicable for the measurement of crack growth
resistance in cementitious materials as long as the crack size is larger than a characteristic
dimension of the microstructure (e.g., larger than an equivalent "grain size"). R-curve (crack
growth resistance dependence on crack size) behavior was observed and the (apparent) toughness
was about 1.25 MPam!/2, Microcracking is suggested as a possible toughening mechanism for
this MDF cement which was fabricated from OPC., 14 parts of deionized water and 3 parts polymer
(polyacrylamide). Current processing techniques limit the study of the fracture process and
toughening mechanisms.




Table 1. Test data for MDF cement.

# Load Kc(1) K.(2) c o
Kg) (MPa m'%2) (MPa m172) (m) (MPa)
1 1 1.00 1.08 119 59
2 3 1.14 1.12 200 48
3 3 095 38
4 5 1.13 1.18 305 41
5 5 1.20 1.11 234 44
6 7 1.24 1.04 237 41
7 7 1.28 1.29 329 43
8 10 1.35 1.25 341 41
9 10 1.28 1.36 497 38
10 15 1.35 1.32 498 36

--- = Flaw was not identified, ¢ = Flaw Size, ¢ = Flexure Strength.

K.(1) is calculated using the indentation-strength technique.

K.(2) is calculated using fracture surface analysis.

Flaw size ¢ = (ab)!/2, where a is the depth of the semi-elliptical flaw and 2b is the width of the flaw
on the surface.




PARTICLE SYNTHESIS AND CHARACTERIZATION

A major objective in the research was to chemically synthesize a fine particle calcium
silicate which could be dehydrated and rehydrated to be used to produce a cement product with
high bend strength. The particle size for OPC ranges from submicron to ~100um and fracture
analyses by Kendall et al. indicate that large, unhydrated grains are at least one source of critical
flaws in these materials. Chemically derived calcium silicate was synthesized using both metal
organic decomposition (MOD) and hydrothermal methods. The chemically derived. fine particles
were then used to produce cements by extrusion and pressing. The basic procedure used to
prepare caclium silicate powders by MOD is summarized in Appendix III and details are provided
in the thesis whose abstract is Appendix IV.

An initdal problem with the MOD method was low yield (3g/week). However, even after
yields had been improved, the dried. MOD powder had a very large surface area (>100 m</g) and
also a rather large mean partcle size (5 um) indicating the presence of agglomerates. Hard
agglomerates in the MOD synthesized powder were confirmed in SEM photomicrographs. In an
attempt to eliminate the ~gglomerates. the powder was milled. However, the powder reacted with
the toluene used in milling and the mean particle size actually increased (9 um). Furthermore,
MOD powders could not be produced in an agglomerate-free state even with dispersant
incorporated in the synthesis chamber.

The second powder preparation method evaluated was hydrothermal synthesis. This
method was used in order to produce a well-crystallized. calcium silicate hydrate powders. After
the method was fully developed. the dried powders had a specific surface areas from 20 to 50
m?2/g and consisted of either platelets (tobermorite. 5Ca0-6Si02°5H70) or acicular particles
(xonotlite. 6Ca0-68i07-2H20). Surface areas were not as large as those for the powders
prepared by MOD, but it was determined by SEM that the particles were not agglomerated.
Therefore. the hydrothermally synthesized tobermorite and xonotlite in both the dehydrated and as-
synthesized state was used in subsequent processing iterations.

The hydrothermally derived tobermorite and xonotlite consisted of well-crystallized
particles with predominantly a platy habit in the former and acicular habit in the latter matenials.
Each of these particles were characterized with respect to their likely crystallographic habit
(Appendix V).

The surface charge formation on the particles was evaluated using particle electrophoresis
(Appendix VI). An understanding of surtace charge development on particles is important in
aqueous processing because it often dictates the tendency of the particles toward agglomeration as
well as the type of polymer that may be required to ensure dispersion and flowability of the




suspension. It was found in the current work for hydrothermally synthesized tobermorite that the
magnitudes of the zeta potentials were consistent with specific adsorption of Ca>+ with the
isoelectric point of the tobermorite increasing as a function of Ca2+. IEP for the tobermorite
ranged from pH 10.3 in deionized. decarbonated water to pH 11.63 in 104 M CaCla(aq).

POWDER PROCESSING, GREEN FORMING, HYDRATION AND
CHARACTERIZATION STUDIES

In general, the strength and toughness increased with each processing iteration with
mechanical properties significantly better than those for conventionally processed OPC. Large,
lenticular cracks present in the gel-cast materials motivate the study on the role of the viscoeleastic
properties of the materials.

Processing was first performed using OPC (specifically, OPC-Type 119) because of its
availability. The cement was mixed with polyacrylamide by hand and using a high shear mixer
(Brabender Co.). Those sampies mixed with the shear mixer and pressed had a higher bend
strength than the samples which were mixed by hand. The samples exoruded with OPC and OPC
with an MOD caicium silicate (CDCS 18C) showed the highest strength and toughness values.
These excellent properties are the result of filling the interstices of the coarser OPC particles with
the finer MOD particies to achieve higher initial densities and improved ultimate mechanical
properties. This processing method could not be used on the MOD chemically derived powder
alone due to the fineness of the powder and the stiffness of the dough which resulted after shear
mixing, characterisitics consistent with the large degree of agglomeration present in the MOD
powder.

Table 1 shows the compilation of toughness measurements and crack sizes, where
possible, for different processing conditions. Figure 1, summarized earlier, gives some of the
properties obtained with selected processing steps. The conclusions from this study are as
follows:

1.  Samples mixed with a Brabender mixer and without acetone had the highest

toughness value (1.4 MPam!/?).

2.  Samples cured in Ca(OH); solution showed the worst mechanical properties. All the

flexure beams did not break from the indent because there were large, long cracks
(>1000 um) present. It's not clear if those cracks pre-existed before grinding and
drying, or not.

3. In general. the microstructure obtained from the fracture surface showed no

substantial difference between processing techniques. Most of the pores are less than
5 um. However, those cured in Ca(OH), solution have a different morphology in the




Table 2. Summary of mechanical properties of OPC paste cured and processed at different

conditions
Condition o{MPa) K.(MPa mi/2) Flaw size (um)
Ca(OH); solution 13 --- >1000
" " 21 —-- >1000
" " 17 - >1000
" " 4 --- >1000
" 10 - >1000
H->O solution 19 - >200
" ! 30 0.76 ---
" 26 1.02 ---
) 23 0.94 —-
Brabender 55 1.41 (1.19%) 326
" " 59 1.43* 387
" " 40 . L
" 44 . .
Brabender+acetone 19 0.87 -
) 26 1.25 ---

Note:
. --- means those did not break from indent.
. * means toughness calculated from fracture surface analysis.

. Samples were die pressed at 117 MPa and cured at 60°C for 7 days.

. Compositions are: 7g water + 3g acrylamide + 40g OPC + 0.0154g (NHy4),S505

1

2

3

4. Beams were indented at 2 and 10 Kgs and fractured in 3-pt. flexure.
5

6

. Ca(OH); solution is prepared 1g Ca(OH); in 500 ml water.




outer surface than on the interior. This implies that the infiltration is not as complete
as expected or that the green body has no connected pore channels.

4.  The long surface cracks may develop because of this infiltrated outer layer since it
tends to lose water during the drying period (80°C/17 hours) and there most likely is
differential shrinkage at the interface of the surface and interior.

5.  Even after use of the high shear. Brabender mixer, there still existed large flaws
(cracks) associated with a needle shaped low density region.

GEL-CASTING OF CEMENTIOUS SYSTEMS: MECHANICAL AND
VISCOELASTIC PROPERTIES

Gel-casting (Appendices [V. VII. VIII, AND IX) is a forming technique that may be used
to potentially develop new cements based on advanced forming techniques. but without the high
shear forming required to process the materials when the low water content is reduced to promote
higher swrength. In gel-casting, water and the monomeric form of the desired polymer are mixed
with the ceramic precursor with an appropriate polymerization initiator to form the desired polymer
in-situ within the powder mass3#. The rationale for evaluating gel-casting as a cement forming
technique was that the liquid, monomeric form of the polymer could be used to replace some of the
water used to promote flow in castable cements. After forming and polymerization, the gei-cast
polymer would form a rigid three-dimensional structure to promote strength in the mature, cured
material.

There were two aspects to the gel-casting work performed in this study. In the initial work
(Appendices IV and VIII), the strength of gel-cast cements were evaluated using the critical flaw
analysis applied to cementitious systems by Chou et.al. (Appendices I and IT). This initial work
indicated that the ability to achieve high strength in gel-cast bodies was compromised by lenticular
flaws. It was hypothesized that these flaws were due to poor control over the viscoelastic
properties of the gel-cast system during the forming process. Therefore a second study was
initiated to determine the viscoelasuc properties of a model gel-cast system in which non-reactive
particles were incorporated (Appendices VIII and IX). Results and conclusions of the processing -
property study is described first followed by a discussion of the results obtained on the viscoelastic
properties of the model gel-cast svsiem

Processing and properties of gel-cast cementitious systems

There are many variables to taae :rto consideration when gel-casting cement. One such
variable is to select the initiator for :»e ~uvimenzaton reactions. The experiments showed that
there was little difference in swength .1 ¢l cast cements whether ammonium persulfate or the
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potassium form was used. Another variable evaluated was the method used for mixing the paste.
Shear mixing, as opposed to hand mixing, produced cement bars with much higher swengths and
denser microstructures. Curing conditions of cement samples also had an effect on the strength.
The sampies cured in Ca(OR); or acetone had much lower strengths than those cured in deionized
water. The low strength in the former is auributed to the formation of low strength Ca(OH);
(Portlandite) platelets. Low strength in the acetone cured cements is attributed to dehydration of
the material, in particular the gel-cast polymer. Tanaka showed that polyacrylamide gels shrink via
dehydration in the presence of acetone (5). In the current work, curing in acetone was performed
to test the hypothesis that some dehydration could put the material into compressive stress and
promote greater bend strength. This was not found to be the case as the strength degraded
considerably. However, if the appropriate acetone-water mixture is used, there may be improved
strength through the formation of only surface compressive stresses.

Processing of the gel-cast cement also played a role in the strength achieved for the final
product. [nitally the calcium silicate cement powders were uniaxially pressed, but these samples
separated when placed in water for curing. The calcium silicate samples were then isostatically
pressed to 30,000 psi (107 MPa). These samples did not delaminate during the curing process.
However. the strength of the samples were not as high as expected. The microstructure revealed
large lendcular cracks. probably due to the uniaxial pressing step. The lenticular cracks were
typical of those produced in ceramic materials in which "springback" or the viscoeleastic recovery
after applying uniaxial stress to a powder compact exceeds the yield strength of the material.
Therefore. work was conducted to examine the viscoelastic response of the gel-cast materials.

Viscoelastic relaxation of gel-cast polyacrylamide containing inorganic filler

The viscoelastic relaxation of gel-cast polyacrylamide was studied as a fucntion of various
paprameters including the concentration of cross-linking agent (Appendices VIII and IX). Silica
particles were also added to some of the gel-cast polymers and diametral tensile strength
determined as a function of the gel-cast polymer processing variables to correlate viscoelastic
characteristics of the material to strength. To relate the gel-cast system to cementitious gel cast
systems. the influence of inorganic agents (i.e.. Ca2* and Na*) that potentially cross-link the
polymer were also evaluated. The influence of the different cross-linking agents was determined
using isothermal calorimetry to deduce heat production during the reactions, Raman spectroscopy
to evaluate molecular structure, and creep-relaxation experiments to determine the viscoelastic
behavior of the polymer. Typical viscoelastc responses of the gel-cast polymers as a function of
the concentration of organic crosslinking agent are shown in Figure 3.

It was demonstrated that Ca’* and Na* effect the heat production and molecular structure
more than any other tested variables and this in turn is reflected in the viscoelastic relaxation of the
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gels after a stress is applied. Na* as NaOH had, of course, an explicit impact on the pH of the gel-
cast system. It was shown that changes in pH result in differences in molecular structure and
viscoelastic relaxation. Gels made with Na* are more anelastic because deformation of the formed
chain entanglements is permanent. In contrast, samples prepared with Ca2* restore elastically to
some extent after stress is applied (Figure 4).

The viscoelastic behavior of gel-cast samples was reflected in the strength of samples with
a silica filler present. More elastic samples showed the greatest strength (Table 3). The organic
cross-linking agent also produced greater sength than the inorganic. Thus, in general, the
viscoelastic behavior of a material during processing has an impact on the subsequent mechanical
properties.

CONCLUSIONS

The following conclusions can be drawn from the results of work in this program:
1. The approach using iterative processing combined with fracture mechanics analyses is a
powerful tool in the development of high strength cements. Although the mechanical property
values reported in the current work do not exceed those reported in the literature, the appreciation
developed for magnitudes of the critical flaw sizes as a function of processing mode provide a
basis to continue to improve the strength of this important class of compounds.
2. The fracture mechanics approach indicates that bend strengths of 59 MPa and fracture
toughness greater than 1 MPa-m!/2 can be achieved in ordinary Portland cement without a great
deal of changes in the processing. Critical flaw values for these ranges of strength and fracture
toughness are ~300um. This critical flaw size is the same order of magnitude as the biggest
particles in the OPC powder before hydration. Thus, greater property improvement may be
realized by reducing particles sizes to below at least 100pum.
3. Gel-casting approaches offer a way to improve the ability to process and form advanced
cementitious materials without compromising the relatively high strength and fracture toughness
values that are being achieved with these materials. Other polymers should be explored and their
viscoelastic properties used as a selection criteria to approach optimal mechanical property values in
gel-cast cement systems.
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Table 3. Overview of the resuits from the diametral tensile strength testing.

; : samples|brittle | plastic J average brittle
lteratxoc* sample variables tested |sample§ sampleq samples +/-Sd
BisAAM in Wt %
25 0.03 5 5 0 6.46 +/- 0.47
30 0.10 4 4 0 4.33 +/- 0.31
26 0.15 5 5 0 4.56 +/- 0.30
23 0.30 4 4 0 3.57 +/-0.23
31 0.40 5 5 0 3.01 +/-0.33
pH adjusted with N&
27 11.61 4 2 2 3.23 +/-0.065
32 12.65 5 2 3 2.26 +/- 0.21
34 9.38 5 2 3 1.59 +/-0.32
pH adjusted with Caz“
28 11.46 5 2 3 3.32 +/- 0.06
33 12.21 5 4 1 2.17 +/-0.21
35 9.63 5 3 2 1.89 +/- 0.28
grain size in
micron
I 1 4] 9 asraeoz
5.83 +/-0.75

* BisAAm = N,N - Methelene - bis -Acrylamide

*sAverage = diametral tensile strength average of the samples in Mpa
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Fracture toughness of macro-defect-free cement using smail
crack techniques

Y-S. Chou, J. J. Mecholsky, Jr.,” and M. Silsbee
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The fracture toughness of a macro-defect-free (MDF) cement was calculated from two
measurement techniques: (1) indentation-strength method and (2) fracture surface
analysis (FSA). It was found that the indentation-strength method, which showed good
agreement with FSA, was applicable for estimating the fracture toughness of MDF
cement. The ultimate toughness was found to be 1.25 MPa m'? for this MDF cement,
which contained 3 wt. % polymer. An R-curve (crack-growth-resistance) behavior was
also observed. Scanning electron micrographs showed extensive microcracking on the
fracture surface. Microstructural effects are discussed.

I. INTRODUCTION

Cement is an inexpensive, readily available mate-
rial with many desirable properties. Nevertheless, it is
rather weak in structural applications compared with
traditional ceramics such as alumina and zirconia. The
fracture toughness (X.) of conventional hydrated ce-
ment paste varies from 0.2-0.5 MPa m'?,'** which is
rather poor compared to other ceramics; e.g., alumina
has K values which range from 2-6 MPa m'>. The low
toughness and large flaws lead to very low flexural
strength, typically between 3 and 10 MPa.* It has been
demonstrated that porosity is by far the dominant con-
trolling factor limiting the strength of hydrated cement
paste.””’ The removali of those large voids. i.e., macro-
defects, by using polymers and piasticizers for rheologi-
cal control and efficient mixing has generated a new
class of materials: MDF (macro-defect-free) cements.
Investigators have shown that the flexural strength of
MDF cements then increases to 70 MPa and fracture
toughness can reach 3.0 MPa m'?®

The measurement of fracture toughness of cement
paste has been conducted mostly using the single-edge-
notch-beam (SENB) method on ordinary portland
cement™*"? and alumina cement.”” Some researchers
used the double-cantilever-beam (DCB) technique on
cement paste, mortars." and concrete.'? and double tor-
sion (DT) to study the crack growth in hardened ce-
ment paste.” There are many papers discussing the
measurement of toughness of MDF cement. Eden and
Bailey used the SENB technique and work of fracture
to calculate K. and proposed a fibrillar pull-out model
for polymer modified portiand cement.'* Mai et al.'* at-
tempted to use indentation cracks and large cracks in
double cantilever beam (DCB) specimens to measure

“Current address: University of Florida, Department of Matenals
Science and Engineering, Gainesviile, Florida 32611
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crack resistance but succeeded only with the DCB tech-
nique. None of them empioyed the indentation-strength
technique.” This technique is attractive because it in-
volves crack sizes observed in most advanced materials
applications. Since there appears to be a crack size ef-
fect on fracture resistance, it is important to know the
behavior, i.c., strength and tovghness. for small cracks
as well as large cracks. Typicaily, small cracks control
the strength of the material. Fracture surface analysis
(FSA), which has been proven very powerful in glass
and ceramics, is used to determine the fracture tough-
ness of MDF cements. It is our goal in this paper to
investigate the applicability of the indentation method
and FSA to MDF cements.

Il. EXPERIMENTAL

MDF cement was prepared by mixing 83 parts (by
weight) of ordinary portiand cement (a caicium silicate
based material), 14 parts of de-ionized water, and 3
parts of polymer (polyacrylamide). For better process-
ing, the polymer was first dissolved in water. then
mixed with cement particles. After shear mixing, the
paste was extruded into a plate and cured at 60 °C in a
humid atmosphere for one week. The relative humidity
was kept around 90%. The extruded plate was sand-
wiched by two flat glass plates with a dead weight
(about 4 Kgs) to prevent warping during this curing pe-
riod. The plate was then placed at ambient temperature
and atmospheric condition for another 3 weeks and cut
into rectangular beams (approximately 5 x 3 x 40 mm).
To remove existing surface flaws or those resulting
from cutting, all beams were ground using 600 grit and
dry polished with 1 um alumina powder. To avoird
stress concentrations at sharp edges. all beam cor-
ners were rounded. During each grinding/polishing
step, beams were cleaned with ultrasonic vibration
for 5-10 min in acetone. Finally, they were coated
with gold.

© 1990 Materials Research Society
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After coating, beams were indented by a Vickers
diamond using loads from 1 Kg to 15 Kg and fractured
in 3-pt flexure (outer span = 25.4 mm). The crosshead
speed was 2.54 mm/min. After fracture, samples were
immediately coated with gold to prevent possible hy-
dration. An uncoated fracture surface was observed
after exposure to air for an extended time; the surface
was altered in such a way as to change the morphologi-
cal details. Although the hydration of ccment usually
depends on the original water in the mix, the water/
cement ratio in the present mixture is low (0.17) and
the original water is most likely completely reacted. In
fact, there was evidence of unreacted calcium silicate
particles (cf. Fig. 2) which could react with external
water; thus, the samples were coated. The coated speci-
mens were analyzed using optical and clectron mi-
croscopy. Fracture surfaces were first evaluated using a
stereoscope (Nikkon) with magnification from 6.6 to
40x. Fracture markings such as “river” markings,
lance, and twist hackle were helpful in tracing the frac-
ture path back to the origin.'” These markings have
been observed on glasses, single and polycrystal ceram-
ics, metals, and polymers.”” In addition, the amount of
polymer used in these experiments was about 3 wi. %
and most likely did not form a continuous nctwork or
precipitate as a particle. Thus, we expect brittle-like
behavior with the associated features, as observed.
Fracture surfaces were also examined on a scanning
clectron microscope where the depth of field was uti-
lized. Both secondary and backscattered electron im-
ages were used to delineate the markings.

In general, it is very difficult to observe fracture
features in cementitious material. In order to attempt to
produce a more visible fracture origin, we decorated
the indeated crack surface. To decorate the origin, two
extra flexure beams were indented and marked with a
drop of liquid of either (1) mixture of 5:1 = absolute
ethanol:black ink or (2) 10 drops of concentrated nitric
acid in 50 ml absolute ethanol at the impression. They
were then broken and analyzed as the others.

. BACKGROUND

There are two popular methods used to obtain
fracture toughness using indentation: (1) the direct
crack measurement and (2) the strength method. The
former involves indentation and measurement of the
crack surface trace length. This measurement provides
a quick estimation of the resistance to {racture, but the
crack propagation process is not considered since the
toughness is estimated from the length ot the arrested
crack. This suggests that perhaps the arrested indented
cracks should be associated with the siress ntensity
for crack arrest, K,, rather than K, the cnitical stress
intensity for catastrophic failure.' Also, the surtace for
the direct-indentation method should be as tlat as pos-

sible and free from flaws, a condition which is almost
impossible for cement paste. These considerations di-
rected us to choose the indentation-strength method for
evaluation of fracture toughness.

Consider a Vickers-induced radial crack system.
subjected to an applied tensile stress o, as depicted in
Fig. 1. The stress intensity factor, K,, appropriate to
this teastle loading has the standard form

K, = Yu,c'? (1)

where Y is a load and crack-geometry factor (Y = 1.24
for smalil surface cracks which are residual-stress free)
and c is the critical crack size where ¢ = (ab)'? with
a = depth and 2b = width of the fracture initiating
crack.” For the Vickers crack system, the crack exten-
sion force comes from not only the applied load but the
deformed region which gives the residual stress. The
stress intensity factor for the residual part is

K, = X,P/C"/z = y..(E/H)"zP/c”z (:)

where y, and y,. are constants for the Vickers-produced
radial crack and £/H is the clastic modulus-to-micro-
hardness ratio.”” The nct stress intensity factor is
therefore

Ki=K + K, = y., Pk + Yo (c>c) )

where ¢, is the size of the radial crack immediatcly
prior to application of the tensile stress.' For crack
growth undcer cquilibrium conditions, K, = K,, wvc can
solve the applied stress as a function of crack size,

o, = [K /Y1 = x.PlKc™] (4)
This cquation has a maximum at do, /dc = 1.
which gives the fracture strength, 0., and the maxi-

mum crack size, c,,, beyond which the crack propagates
unstably to catastrophic failure.

on = 3K, AAY (c.)" (5)
cm = (. PIK)' 16)
P
<4 —
G,
- -
2¢

FIG. 1. Schematic of Vickens-produced tadial/median crack svs-
tem, characienistic crack dimension, ¢, with contribution to tensiie
loading and residual stress bicld (via central deformed region) at
{preceding) contact load P
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Chantikul er al.” derived an expression for toughness
from Egs. (5), (6. and (2),

K. = n(E/HV (g PV (7)

where 7 is another geometrical constant (n = 0.59).
Note that K. is used here because the crack introduced
during indentation is a stable crack and mav be dif-
ferent from K,. However, in practice the values are
often close.

In order to determine the fracture toughness trom
a measurement on the fracture surface of the size of the
indented crack tfor bars which contain local residual
stress due to the indentation process. we can rearrange
Eq. (5) and substitute Y = 1.24 and obtain™":

K. = 1.650.c- ° +8)

Fractograpny 1s a powerful tool in fracture analvsis.
Not only can we nind the fracture origin but also we can
calculate cither tne toughness or strength using this
technique. The identification of fracture origins such as
pores. agglomerates. or contact damage can provige
valuable informauon for process control. The crincai
flaw size can aiso be used to estimate fracture strengtn.
In reality. ceramic parts with known toughness tail
during service. orften without knowing the fracture
strength. Fracture strength can be caiculated using er-
ther Eq. (1) or Eq. {8y when toughness and cnitical thaw
sizes arc known 10 provide important intormation on
the stress distribution.

IV. RESULTS AND DISCUSSION
A. Fracture surtace analysis

Samples were tirst examined with 4 stercoscope us-
ing oblique lighting " -his technique v essentiat tor
tracing tracture roctures Dack to the ongin. «One o tne
advantages tor ysing tnz indentation technigue s 1Rt
the tndent. most ot the time. serves as the taw, uniess
large defects or unrounded corners causing stress coa-
centrations abo =ust.) Even though the traces o1 the
indent cracks were not clear. as observed by M er .
as well. the ongin of faiiure occurred at the indcntation
stte and was trom 3 typical indentation craon o e
average depth to haif-width ratio was approvimaren
().8-1.0. One tecnnique 1o locate the criticai
examine fracture markings on large grauns a0 =.oh mage-
nification. A tvpical exampie ot the tractars sartace

[RLINE NS

ot an unreacted cement particle s dopicics 0 b
Twist hackle marxings are clearty distire - e ng
point downaward to the ongin—in this e - naent
Once we optically identity the tlaw o _ s
amine the surface to meaasure the thaw < .
ning electron microscooy. Two ditterent vacis ooy
taken. 1.e.. the secondary and backscattere:  cotren
images. Surface charging due to edge elicuts oot o
ized roughening are present when using the ~o.ondary
1776 J Mater s

FIG. 2. A typical example of locating the tailure onigin bv exam
:ning the fracture surface of an unreacted large cemment particie it
high magnification. The twist hackie points back :foward ow=r
right) to the origin.

electron images. These problems can be eliminates
by using the backscattered electron image shown -
Fig. 3 and as successfully demonstrated bv Heatc-
and Mecholsky.”>> It can also be seen that the back-
scattered image itluminates the fracture markings be:-
ter than the secondarv image. Note that Healev ars
Mecholskyv- used a four-quadrant solid-state annuie:
backscattered detector which provides zn enhance :
topographical image.

B. Fracture toughness of MOF cement

The fracture toughness of MDF cement calcutate
by the indentation-strength method. Eg 7 und tr..
ture surface analvsis. Eq. 0. s isted in fuble [ 00
toughness versus flaw size 1s shown in Fig. - These 1w
different methods show good agreement. The appares:
toughness value 15 taken at the asvmptote value to =:
123 MPa m °. The word “apparent” usea here mean-
that thougn the two methods show good consistencs
does not necessartly mean that the assmprote value -
the true or ultimate toughness value. ™ !t has been
hnown that a number ot factors could attect the tra.
ture toughness of MDF cements. such o poros
water-to-cement ratio « W/C). 1y pe of cement and pons
mer. volume fractton of polsmer and curing conditie-
2tc. Eden and Bailey © used ordinary portiand ceme
waith W/C = 0 13-017. 1-47% poivmer. and cured
water tor 7 Jdavs. The toughness values tor thetr stucs
wcreased from 0.7 to 1.0 MPa m - with increased pon
mer fraction trom | S-3770 respectively wtord o
a0 obtained toughness values trom 071 1o LUd MPy
m - using OPC and polyacrylamide. cured at 1w
R.H. (30 ’C) for 7 days, thea dried at 3u> RH. &
another 7 davs.” As for alumina cement. toughness v,
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830k x

e ——

15kv

FIG. 3. Fracture surface images showed no surface charging taken
by backscattered electron tmage (above) rather than the secondary
electron image (below).

ues as high as 3.1 MPa m'? have been reported.® Our
toughness data are higher than those of typical OPCs,
most likely due to the higher curing temperature
(60 °C). The curing temperature of 60 °C was chosen
based on our previous unpublished work, which showed
that paste cured at 60 °C in water for 1 week produced
higher toughness than that cured at 30 °C. The reason
for this difference may be that the higher tempera-
ture speeds up the hydration process and softens the
polymer (60 °C is higher than the glass transition tem-
perature of the polymer used), which can lead 10 a
more uniform microstructure. However, our values are
slightly higher than other MDF cements (c.g.. Eden
and Bailey') with as low a polymer content (3 wt. %)
and water-to-cement ratio (0.17). Improvements to
these cements are expected if a higher polymer content
is added. The maximum limit appears to be about
3.1 MPam'?,

J Mater Res. Vol 5. No. 8. Aug 1990

TABLE 1. Test data of MDF cement.

Load K1) K.(2) ¢ o

* (Kg) (MPa m'?) (MPam'®  (um)  (MPa)
1 1 1.00 1.08 119 59
2 3 1.14 1.12 200 48
3 3 0.95 e .. 38
4 5 1.13 1.1e 305 41
5 S 1.20 111 234 4
6 7 1.24 1.04 237 41
7 7 1.28 1.29 329 43
8 10 1.35 1.25 341 4]
9 10 1.28 1.36 497 18
10 15 1.3§ 1.32 498 36

-+ = flaw was not identified, c = flaw size, o = flexure strength.
K.(1) is calculated from Eq. (7) (indentation). K,(2) is caicuiated
from Eq. (8) (FSA). Flaw size ¢ = (ab)*?, where a 1s the depth of the
semi-elliptical flaw and 2b is the width of the fiaw on the suriace.

Rice and co-workers found that for ceramics the
fracture energy depends on the flaw-size-to-grain-size
ratio.”® They observed that flaw sizes less than 1/2 to
1/4 of grain size cannot be arrested at the grain
boundary, and single crystal fracture energy governs
fracture resistance below this limit. For flaw-size-to-
grain-size ratios of 1 to 6, polycrystalline fracture
energy applies. For concrete and mortar, the micro-
structure is quite inhomogeneous and contains large
sand and gravel panticles in the centimeter size range.
Thus, measurement of toughness using small flaws in-

0
-~ 1.5 4
~N
- e
e ‘ Py !
g s
- . .:
s 1.0 4 s
F 1 8 Ke(l)
-
g 35 ~ ® Ke(2)
o
Ovo v v % T

S L] L]
0 100 200 300 400 500 600 700

Flaw Size (um )

FIG. 4. Companson of fracture toughness caiculated by Eq. (7
and Eq. (8).
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troduced by indentation is inappropriate and a notched
beam technique is most frequently used. The notch
depth is in the same range as the size of sand and
gravel,™ whercas in our MDF ccment system, the mi-
crostructure composed of unreacted cement particle
and hydrated product showed grain sizes less than
50 um, as in Fig. 3 (which is quite obvious since the
initial particle size of cement is in the 10-20 um
range). The flaws introduced by the indentation tech-
nique lie in the range of 100-500 um, which are small
compared with conventional test methods such as the
double cantilever beam, double torsion, or notched
beam techniques'"’; however, they are quite large
compared to the microstructure. In Fig. 5 we plot the
flexural strength versus indent load in logarithmic coor-
dinates. If we assume that Eq. (7) can be applied to
MDF cements, then strength values at higher indent
loads shouid approach a line with slope of -1/3. Most
polycrystalline ceramics deviate from this ideal behav-
ior at lower indent loads because of a decrease in tough-
ness with decreasing crack sizes. For our cecment, at
high indent loads the strength values are consistent
with an approach to an ideal -1/3 power dependence
on indent load, as suggested by Eq. (7), indicative of a
nonvarying toughness. However, in order to justify this
assumption and determine whether this is truly a
toughness-crack size plateau, more data ait higher in-
dent loads are needed. Because the thicknesses of our
beam samples were limited to about 3 mm due to pro-
cessing and. were rather thin, the highest indent load

100

(MPa)

Strength

13
G P =constant

Flexural

10 — ey -

1 10 100

Load (N)

FIG. 5. Flexural strength versus indent load is consistent with a
-1/3 slope at high indent loads.

was therctore timited to about 15 Kgs. Further investi-
gation on the —1/3 slope at much higher loads is still
needed when thicker samples are available. The devia-
ton from the -1/3 slope curve at low indeat loads s
consistent with other ceramic materials.?*?” This behav-
ior leads to a nonconstant toughness.

Crack cxtension resistance (loughness) increases
with the flaw size, a so-cailed R-curve behavior
(Fig. 6). It has been interpreted by Cook** that at smalil
flaw sizes, i.c., comparable to the scale of the micro-
structure, the toughness is an intrinsic property repre-
senting the weakest fracture path, and at larger flaw
sizes the toughness reaches a steady-state value repre-
sentative of (he cumulative crack/microstructure inter-
actions in polycrystalline materials. For our MDF
cements, the R-curve is somewhat flat (Fig. 6). We do
not know yet whether this flat R-curve is due to its
intrinsic propertics or that we just haven't used a load
low enough to create flaw sizes smaller than 100 um.
The lower indentation range seems impossible to
achieve at presemt since the intrinsic flaws in our ce-
ment samples are in the W) um range.

Cook and Clarke have proposed a power law de-
pendence tor the fracture resistance, and hence tough-
ness, on crack length?’

T = Tuc/dy (c >= d) 9)

where T is toughness, T, is the bhasc line toughness of
the material in the absence of any 1oughening mecha-
nisms, and the scaling term d is the spatial extent of the
crack at which toughening begins. The toughening ex-
ponent 7 characterizes the rate at which the toughness
increases (r = U corresponds 10 constant toughness. fur

10

ml/Z)

(MPa

Ke (1)
® Kc(2)

Toughness

100 1000

Flaw Size (um )

FIG. 6. Toughness venus crack size relationship fits a power law

expression | Ly, (V)]
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R-curve behavior » > 0). For MDF cements this model
will have to be carefully tested to see if it appiies. The
testing of this model is beyond the scope of this paper.

A fibrillar pull-out model has been proposed by
Eden and Bailey** for high strength polymer modified
portland cement. From observations of the fracture sur-
face in Fig. 7, we found no indication of fibrillar pull-
out. Crack bridging due to localized grain bridging,
polymer fibril bridging, and/or frictional interlocking
behind the crack front was suggested by Mai er al.” as
a mechanism for toughening in a calcium aluminate
MDF cement. We had a different starting material and
a different polymer, both of which influence the mi-
crostructure and properties. We saw no evidence of the
crack bridging phenomenon. However, microcracking
was observed not only directly beneath the indent, but
also approximately evenly distributed throughout the
whole specimen. The toughening mechanism is at-
tributed to this microcracking. Since microcracking can
occur from drying in a vacuum and from electron beam
neating,”® a polished sample from the same batch was
examined in the SEM and was observed to have
no microcracks due to drying or electron beam heat-
ing. Traditionally, the word “microcracking” was used
in polycrystalline ceramics such as lead titanate or
partially stabilized zirconia, which showed cracks ap-
proximately the size of the grains. However, the micro-
cracking observed in these MDF cements is quite
extensive, i.e., of the order of 10-20 um. We expect
that microcracking forms a zone around the crack tip
and reduces the near tip stresses.

C. Effect of crack decoration on fracture

Two solutions (ink and acid) were applied to deter-
mine if any enhanced visualization could be achieved

FIG. 7. Fracture surface of MDF cement shows evidence of
microcracking.

by decoration. A drop of 'iquid was placed at the indent
on one of the two beams. The fracture surface showed
a much clearer contrast for acidic etchant rather than
the ink-alcohol solution, as shown in Fig. 8. The tough-
ness for nitric-alcohol is X.(1) = 1.41 MPam'? [K.(2) =
1.52 MPa m'?] higher than ink-alcohol K.(1) = 1.3 MPa
m'? [K.(2) = 1.23 MPa m'*), where K.(1) was calcu-
lated using Eq. (7) and K(2) using Eq. (8). There are
some uncertainties about the effects of the etchant
since it may react with the cement paste and cause
crack blunting. Thus the higher toughness treated with
nitric acid might be due to crack blunting. In addition,
the crack which had been made more clear due to the
etchant may undergo stable subcritical crack growth
before reaching the critical size a: which the crack
propagates to failure.' This growth will lead to an
underestimation of toughness by FSA techniques
[Eq. (8)], since the flaws we observed are those en-

FIG. 8. Fracture surface of samples for which a liquid was placed
at the indent; (above): nitric acid-aicohol solution: (below): ink-
alcohol solution.
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hanced by etchant. However, the data calculated by the
indentation-strength and FSA methods turned out to
be in good agreement, which implies that the residual
stress contribution is rather small compared with the
applied stress. Whether this low residual stress is due to
the relaxation process of the polymer or to the reaction
of the etchant needs further investigation.

V. CONCLUSION

The indentation-strength technique and fracture
surface analysis were found applicable to MDF cements
for measuring fracture toughness. By using both optical
and clectron microscopes, fractography becomes a pow-
erful tool to estimate the toughness. Therefore we sug-
gest that small crack techniques are applicable for the
measurement of crack growth resistance in cementi-
tious materials as long as the crack size 1s larger than a
characteristic dimension of the microstructure. R-curve
(crack-growth-resistance dependence on crack size)
behavior was observed and the apparent (ultimate)
toughness was about 1.25 MPa m'® Microcracking
was suggested as a possible toughening mechanism
for this MDF cement. Current processing techniques
limit the study of the fracture process and toughening
mechanisms.
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INDENTATION FRACTURE OF MACRO-DEFECT-FREE (MDF) CEMENTS

YEONG-SHYUNG CHOU, J. J. MECIHIOLSKY. JR.. M. R. SILSBCE, D.M,ROY, J. i1.
ADAIR, AND P IIEILAND
The Pennsyivania State University, University Park, PA 16802

ABSTRACT

The fracture toughness of MDF (macro-defect-free) cement with different polymer
contents has been investigated by the identation-strength imethod and fracture surface
anatysis. [t was found that the fracture toughncess ovtaned by these two different
tcchmyues showed good agreement for the low (3 wi.%) polymer cement. The ulumaie
tapparents toughnesses are 1.3 MPami?2 for low polymer content and 2.2 MPam¥2 for lugh
(8 wi.'z) poiymer content cement. Different mezrocracking ang sponge-like

microstructures have been observed and discussed.

INTRODUCTION

foughness 1s 3 measure of the resistance to rapid crack growth and can be measured
by cither the crtical stress iensity factor. K., (racture energy, ¥,, of critical strain cnergy
release e, G, (G, = 2v,). These properties can be shown 1o be mtenclaed. The
measwrement of toughness in cements, concrete, and other chemically bonded ceramacs
(CBCx) hias been discussed extensively!'tin the huerature. Much discussion in the literature
mvolves the eifect of crack size on the measurement of toughness and the mechanisms
leading o tus phenomenon. 1 there ss a mechamsm by which the vaiue of the toughness
mereases with crack size, then this docs not necessanily invalidate a particular test but
rather sndicates a mult-valued propeity. These Litier matenials have been tenned "R-curve
matenials, where the "R stands for resistance. Most investigators it comentitious matersils
have not exanuned the microstructure along with their immechanical property measurementis
in otder 10 ry and understand the behavior.

Sucneth alone will not povide sufficient information 1o determine mechamcai
behavior. Since strength is dependem on crack size. it can vary with the handling
provedute, finishing procedure. or with random processing flaws. Various strength tests are
nced i the coments literature. These include the diametral compression test.?! the flexural
beam ' and the ensile spccuncn."‘ In mqsl of these tests, the crack or luw size at the
fracture origim is not controlled or measurcd. Thus. the resuns of these tests are subjected
10 stausucal scatter. due to the disuibution of crack stzes. In this paper we determine the
applicabiiity of the controlied (indentation) flaw test for MDF cemems so that different

processing conditions can be comparcd for the same indentation conditions.
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EXPERIMENTAL {

Two batches of MDF cement were prepared by shear mixing, followed by extrusion.
Their comnposiuons are listed in Table 1. After extrusion, the plates were cured at 60°C in a
humid (R = 90%) aunosphere for onc week. The plate was then placed st amprent
temperature and stmaspheric condition for another 3 weeks and then cut 1nto rectanguiar
heams (approxumately § x 3 x 40 mm). To remove existng surface (laws or stress
concentrations at comers, all beams were carefully ground and polished with | gm aiununa
powder. They were then coated with gold and indented by a Vickers diamond. using loads
tom 1 K to 15 Kg and broken in 3-pt flexure (outer span = 254 mm). The cross head
speed was 2,54 mmynnn. Atter fracture, sunples were immediately coated wah gold to
prevent possiole hydrauon and analyzed with optical and electron microscopes. Fracture

surtaces were exanuned on optical and electron microscopes.

INDENTATION AND FRACTURE SURFACE ANALYSIS TECHINIQUES

There are 1wo poputar mcthods used to obtan fracture toughness using indentation:
{13 the threcs crack measurement'! and (2) the strength method. ' The former nvoives
imdentation ana measurement of the crack surface trace length, This measurement provides
a quick estumauon of the resistance to fracture, but the crack propagation process Is not
considered, wince the toughness 1s csimated from the length of the arrested crack. This
suggests that perhaps the arrested indented cracks should be associated with the stress
mtensity for crack arrest, K, rather than K, . the cntical stress ntensity for catastropine
faifure, winle the latter invalves indentation and breaking by flexure and results in a
measurement of K, . The indentation strength technique is based on the same general
analysts as the crack indentation technique; however, the crack size can be elimmated from
1he equation so that only indent load, strength, elastic modutus F. and hardness, 1, nced to
be known 10 determine the toughness of the material. The equation developed by Anstis
ctatltis:

K, = 059 &M (@ePH™ )

This equation involves a correlation factor ((0.59) which is vbained expenimentaily
from traditional ceramics and may not be valid for MDF cements. i‘ractography ts another
techmque for evaluauing fracture toughness. Once we locate and measure the flaws on the

fracture surface. we can deterrnine fracture tougliness by using the principies of fracture
surface analysis:\’ ¥

K = 1650(@)" (2)

<
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where ¢ = (a by and a is the crack depth and 2b is the crack widih. Thic constant accounts

for the shape and tocation of the crack on the surface with local residual siress due to

indentation.
TABLE 1. Compostuon of MDF ccments.

A ¢
Cement orC Pyramemt®
Cement (wt.%) 83 78.5
Water 14 13
Glycenin 0 0.5
Polyacrviamide k! 8
Particle Size (jtm} 20 6

*Note that the Pyrament cement contains about 50% alkali-acuvaied vrdmary ponjand
cement {OPC).

RISULTS AND DISCUSSION

The tesults of fracture toughness, as a function of indent foad for these two batches
of MDIF coments, are shown in Figure 1. We observe that the resistance to fracture
mereases with increasing crack size. Thus, it can be interpreted in two ways. Either the
equation does not apply to these materials or there is an "R-curve” behavior for OPCs. In
otder to determine which of these is the case. we cxamined the fracture surface of these
specimens. and as can be seen in the figurce, the values calculated using this technique
(fractography Eq. (2)) and the strength-indentation technique tEq. (1)) coincide well for
batch-A which contains less polymer than baich-B. Although this s not a true proof of the
vahidity of the two techniques, it certunly indicates that the tougnness docs change with
criack size. since the laver techitique incasures the crack size and calculates the toughness
hascd on thns measurement and strength. To test the apphicabilny of ihe indentation-
sieength method 1o MDF cements, one can also plot strength versus indent load in
iogastthnme coordmation (not shown here). At loads above 75 N. batch-A showed
approsumately a straight line with slope = -1/3, indicating a vahid test.**! while for batch-8.
the straight line was not observed. The reason for this is unclear. The thickness of our
cpecunens 1s about 3 mun too thin 10 tolerate indent Joads above 150 N: thicker samples are
nceded for further mvestigation. The ulunune twughness for baich-A was taken as the value
at the plateau region (o de 1.3 MPam'? and 2.2 MPam!2 for batch-B.
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I'IGURL 1. Fracture toughness of MDFF cements showed an increase witl increasing
inclent loads.

It was also observed that the fracture toughness of batch-13 is higher than that of
iratich-A. The former contamned 8 wi.% of polyiner, while the latter contained 3 wt.%. ltis
lincly that the toughness increases with the mcrease ol polymer content neglecting that
these two batchies of MDF cements have a different cement-10-water ratio and composition
of cement winch certanly affects the mechanical properues.m Despite the difference in
ratio and composition of cement, we found their microsiructures were also different. The
jow-poiymer content cement showed a microcracking fracture surface, while the high-
polymer contemt cement showed a sponge-like microstructure, as seen in Figure 2. The
formanon of wicrocracking in many ccramics has been attributed to the thermal expansion
nusmatch and leads to a toughening effect. We suspect that microcracking is the
oughening mechamisim for low-polymer content cemtents. Further invesugation 1s needed
1o clanfy the onsct of microcracking prior to loading. While in high-poiymer content
«ement, the fracture surface showed less microcracking in the sponge-like nucrosiructure.
The pores are homogeneous and very fine (about | pun). We expected that those

sponge-like structures contain a large amount of bolymcr. Upon loading, they work like 3
crack-arvestcr and are eastly deformed. This lcads 1o a higher toughening effect than that of
microcracking.
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FIGURL 2. Nicrostructure ot MDI cements showed extensive microcracking tor daen- A

(3 wt.% poiymer, upper) and sponge-like structure for batch-B (8 wi.%
polymer, below).

CONCLUSION

The indentation-strength technique and fracture surface anaiysis were found
applicable 1o MDF cements for measuring fracture toughness. Therefore, we suggest that
<mall crack technigues are applicable for the measurement of crack growth resistance in
ccmentitious materials, as long as the cra;:k size is larger than a charactenistic dimension of
the nmucrostructure. Different microstructures have been observed. Their effects on
toughening have been discussed.
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ALKOXIDE DERIVED CALCIUM
SILICATE CHERICALLY BONDED CERAMICS

T.NAGIRA,S.A WARNER, J.J.MECHOLSKY AND J.H,.ADAIR
Materiais Research Laboratory, The Pennsyivania State University
Universaty Park, PA 16802, U.S.A,

ABSTRACT

Metalorganic dgecomposition(M@D)is used to obtain fine powers
at low tempersture for aovanced and electronic ceramics. [n the
present research, Cowders ‘- CaO-SrOZ system are synthesized
by MOD. Pnysice) cropert-es and hydration reactivity of the
powders are discussea °~ terms of C/S ratio ag calcination
temperature. (ense chemicaily bonged teramics are formed with
the powagers.

INTRODUCTION

In the past cecade. si'gnifrcant advances n flexure strength
of cements have been made by eiiminating large pores in the
structure [1-4}. “he P:3™ strength cements., known as macro
defect-free cements(MDF cements), are produced by high shear
mixing of cement powoer with polymer additions at iow water to
soli1d rati1os to increase flexure strength from SMPa for
conventional cements to 150MPa, This value 1s comparable to
those of sintered ceramics. Therefore, MOF cements are a kind of
ceramics formed by nycration (chemical bond). Generally, dense
and high strength ceramics formed by chemical bonds are defined
as chemically bondes ceramics (CBC).

But MDF cemenzs ‘or which conventionally proguced cement
powders were used s:1l1 nciuded residudal pores 1n grameter up to
15um 1n hydrated bocies. Zircrail et. 3'. explained the streng:ir
of cement-based materialis Dy Griffith tneory n which the tensile
or bending strengtn cf brittie materials 15 Inversely
proportional to critice’ flaw si1ze[1], Accorarng to fracture
mechanics theory, 1% 's 5cssitle o acnieve iarger strengtn tnan
that of MOF cements by ei'mirating several to 15um pores vsing
fine cement particies such as submicron si1ze for better
compaction n green bodies.

Fine powder synthneses Dy chemicai processes which lead.to
lower temperature crystallization end denser structure of
ceramics than conventions' metnoCs nave been increasingly appliired
to electrontc and acvanced ce-amics{5]. However, there are few
reports which descriced ~cve ‘cw-te~perdture synthreses of cemen:
compounds (6]. Thre prstess couic reduce hrgn calcimation
temperatuyre 1n corvert cai cerersy "aﬁufaclurtr; process anc
produce fine ceme~: ccedess.

Therefore., tr's researc~ *:z.seC cf
1)Preparation of hycra. ' ur syiizate by cnemical process
such as metalorgar c ze:z=ccs 1o~ (MDD
2)Progucing cements ettt Ze-te §ir ziyre and Picr girercur,

N
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MATERIALS AND METHODS

Powder Preparation

Calcium silicate powders are synthesized by MOD method. C(a-
ethoxi1de was prepared by refluxing ethanol with Ca metal.
Tetramethyloxysilane(TMOS) was used to provide the source of
sylicon,

TMOS was agr1luted 'n ethanol and refluxed for an hour, C(a
metal was added to the soiution followed by 4 hours refluxing.
Since small amounts of (a metal remained unreacted after
refluxing, they were removed by centrifugation to obtain
nomogeneocus sc 'uttons, =aif of tre storchiometryc amount of
deionizea (0.1., water for nyorolysis of Ca ethoxirde and TMOS was
mixed with the aixoxide soiution followee Dy vigorous stirring
for 18 hours. “ren, thirty times the storchiometriyc amount of
ammonianized D.]. water (pH 10) was added to the partially
hydrolyzed alkoxide solution with refluxing for 24 hours to
obtain precipitations, All of the processes descridped above were
performea under » nitrogen astmosphere.

Precipitations were washed with ethanol and dried at B0°C
under vacuum.= Oried powers were heat treated at 550°C, 700°C
and 800°C for an hour.

Powder Characterization

Ca0/510, (C/S) mole ratio was analyzed by x-ray fluorescence
(XRF). Thermal gravimetric analysis (TGA) was performed up to
1050°C to measure weight loss., S.rface area ang particle size
distribution were measured by BET ..etmhod and a 1i1ght scattering
method, respectively, Microstructures of powders were observed
by scanning electron microscope (SEM), X-ray drffractometry was
used tc characterize crystalliine pnases. The heat of hydration
of the powders was measurec by calorimetry,

Preparation of pellets

Calcined powders with C/S ratio equal to 2.0 were uniaxially
pressed at 345MPas 1nto disks 1.8cm vn drameter, 0.3g of powder
was used for each pellet,

Pellets were piaces 1~ Ca{0H)s seturated water at 60°C and
cured up to 1% days. After specrfic curing times, cellets were
dried at P.T, unzer vacuur for 5 kours ano anaiyzed by XRD anc
SEM to follow hyaratior prccess.

RESULTS anD L122.33:03%

Powger Character-c3tac-




Advanced Cements and Chemically Bonded Ceramics « 257

Fig. 1 summarizes the results of the XRD analysys for
powders prepared by MOO(MOD powder) calcined at varvous
temperatuyres. Calcium siviicate crystalline phases obtained at
C/S ratio more than 2.0 were B-(,5 and a'-Cy5. They were
crystailized at 600°C and a'-C,5 disappeared at BOO®C. Excess
calcium over C/S ratio of 2.0 was separated as hydroxide,
carbonate or oxide depending on calcination temperature. On the
other hand, only B-C,5 was crystaliized around 600°C at C/S ratio
equal or less than 2.0, No other calcium compound was detected
for these conditions,

F1g.2 shows XRD patterns of MOD powders with C/S ratio of
2.0(a) and 2.8(b) calcined at various temperatures. At C/S ratro
of 2.0(a). & small peak of B-C,5 appeared around 32.2° at 600°C
and 6-C,5 was crystallized well at 700°C. No crystalline pnase
was detected except for B—CZS. At C/S ratio of 2.8(b), a peax of
a'-C,S was also seen around 33.4° which drisappeared at 800°C
while 5-C-S5 1ncreased crystalliinity with the 1ncrease of
caicination temperature. At the later C/S ratic. Ca(0H)5 was
crystaiiized at 80°C. was converted to CaC0, at 550 and to Ca0 at
700°C.

Fig.3 shows the TGA results for as-dried (80°C) MOD powders,
The heating rate »as 10%C/min, Four grfferent weight loss regions
were found 1n the curves. The first one 1s from R.T. to 200°C
which 1s derived from vaporization of water and organic. The
second one occurred around 400°C. Decomposition of arganic
probably contributes to this loss. The third one between 550 and
700°C is the largest. Considering the decomposition temperature
of Ca(OH), (i.e., 580°C). 1t 1s probable that third loss 1s caused
by evolution of structural water, The last loss which begins at
750°C probably deryves from the decomposition of CaCO3. Small
third and fourth losses for the lowest C/S ratio of 1.7 compared
to those for other ratios can be related to the fact that neither
Ca(0H), or CaCOy was detected by XRD. The CaCOy contents based on
the results 1n F1g.3 were less than 1 werght 2 for C/S ratio of
1,7 and about 3 weight Z for C/S ratyo of 2.2, 2.8 and 3.1,

The MOD powders showed the surface areas of 50 to 100m2/g
even after the 700°C calcination. On the other hand, mean
particie sizes of MOD powgers were 'n tre range of & to 20um,
The values measured by light scattering are mucn larger than
those expected from surface areas measured by BET. Therefore,
the particles detected by l1ight scattering are agglomerates
composed of submicron particles. however, spécific relatronship
was not found between C/S ratio and surface area or particle
size.

SEM prctures 1n F19.4 show the nature of the aggliomerate.
The powder snown nere was calcineg at 600%°C with C/S ratio of
2.0, At low magnification (a), a wide distripyutior of particle
s1ze was observec ud to 10um, £ high magnifacatron(b),
aggiomeration of particles 1n drareter beiow (.lum was seen,
This porous structure causes high surface area.

Hydration of MON ~-gaerg
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Fig. 4. Scanning electron micrographs of MOD powder calcined st 600°C

with C/S ratio of 2.0
(a); In ltow magnification, (b). in high magnitication.
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The calorimetry results for MOD powders are listed 1n Table
1. Two peaks were cbserved 1n the diagrams of rate of heat
evolution versys hydration tmme similar to (35[7,8]). The first
one appeared a minute after the beginning of hydration and the
second 5 to 44 hours later depending on C/S ratio and calcination
temperature. The higher the (/S ratio ana calcination
temperature, the earlvrer the second peak appeared. As powder
with higher C/S ratio contains more Ca0, higner Ca0 content seems
to affect earlier hyoration, The effect of caicination
temperature on delaying second peak 15 quite large at 700°C,
Based on the XRD results summarized 'n f1g, 1, the deveiopment of
crystalline phase (B-C,5) probably contributes to delay of the
second peak.

The heat rate of the first peak 1ncreaseg with 1ncreasing
C/S ratio. The heat rate of the second peak 15 more depengent on
calcination temperature tnan (/S ratyos. Significant gecrease of
the heat rate at 700°C can be related to both the presence of S-
C,S and decreased surfsce area, The vaiues at 550 or 600°C (5-6
cal/g'h) are 1n the same range as- those of C,5 (3-6 cal/g°h),
but even larger than tnose of B8-(,5 (0.5-1 cal/g'h) [9,10]).

Fig. 5 shows tre hydration of pellets formeg with MOD
powders calcined at 700°C. At C/S ratio above 2.0, both CSH and
Ca(0H), were detected as nydrates while, below or equal to 2.0,
orly CSH was present. [ncrease 1n the XRD veaxs for Ca(OH), was
also observed with increased (/S ratio. £-C,5 stal1 existed at
lower (/S ratios after two days of hydration. The results for MOD
powders calcined at 550 and 600°C, which are not shown here,
indicate the same pattern as 1n fig, 4 except that B-CZS did not
exist even after two days hydration. Thus, 1t s established by
these results that MOD powders have high reactivity with water
and those containing Ca0 or amorphous phase complete hydration
earlier,

Fig, 6 shows SEM pictures cf the fractured surface of a
pellat which was formeag with MOD powder calcined at 600°C with
C/S ratio of 2.0 ane curea for two days, ]t shows dense
stryctures with 1nfrequent pores 1n the micron size at low
magni1fication (a). At high magmification (b), & pore of lum size
1s seen but 1t 1s surrounded by well densified structures whach
are much different from the porous structuves of the unnydratec
pcwder 1n Frg. ¢ (b).

CONCLUSION

Powders 1n_Ca0-51C, system with very nhigh surface areas
greater than 5Om2/q even after 700°C calcination were synthesized
by MOD, a'~Cy5 and B-(35 were crystallrzeo snen (/S s greater
than 2.0, but oniy 6-C-5 wren (/S rat10 1s equal tc or less than
2.0 as for caicirum s-larcate prate. ho crystalliyne calcrur
s1licate was observec oelow 55790, M3ID pcedgers, escecraliy those
CONtaININg an amOrphouS :-A45@, Lrleel F 27 rezczivity with wate-.
Nense CB('s were forres t, uri18r12ily pressing MOU powgers ang
hydrating them at 60°C,
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Table 1. Heat evoiution of MOD powders mixed with
water at water to solid weight ratio of 1.

Sample Timeof HeatRateof Timeof HeatRate of
1st Peak 1stPeak 2nd Peak 2nd Peak

(min)  (calg-hy () (calg-h)
Ci/S=2.0
550 C 1 130 14 6.0
600 C 1 170 17 5.7
700 € 1 200 a4 1.1
/S=2.4
c sésg c 1 600 10 43
600 C 1 350 8 56
700 C 1 260 20 1.5
C/8=3.1
550 C 1 1000 5 5.1
600 1 970 7 3.3
700 C 1 1200 1 08
3.5
g 10k . mo s o
= ) s me
“o2st
g so a0 =0
~ 20} "e . .
(@]
b7 e . ]
o 15t
[--}
Q
1.0 - = -
2 7 15
HYDRATION TIME (DAYS)

Fig. 5. HMydration of peliets formed with MOD
powders caicined at 600°C.
® CSH o CalOHj2 s f-C2S
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(d) ETIETTETE

Fig. 6. Scanning electron micrographs of fractured surfaces of s pellet
formed with MOD powdsr and hydrated for 48 hours. The ecsicination
temperature and C/S ratio of the powder sre 600°C and 2.0, respectively.
(s); In low magnification, (b); in high magnification.
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Abstract

This thesis demonstrates processing and properties of chemically derived calcium
silicate cements. Chemical synthesis and processing methods offer the opportunity to
improve the strength of cement. Chemically derived calcium silicate was synthesized from
metal organic decomposition and hydrothermal methods. The chemically derived fine
particles are then used to produce cements by uniaxial pressing, extrusion or isostatic
pressing. These cements can potentially have critical flaws less than 10 microns as
opposed to critical flaw sizes greater than 100 microns in conventional cement.

An iterative approach was established to determine the relationship among processing
conditions, microstructure, and mechanical properties to produce higher strength cement.
Most studies on cements have focused on either processing or mechanical propertes. In
this thesis the cements were synthesized and processed using chemical techniques.
Mecharacal properties and origin of critical flaws were determined, and subsequent
processing iterations were designed to eliminate flaws. Much progress was made towards

this goal, but optimum bend strengths were not achieved. Further iteratons must be made

in order to increase the strength of the cement.
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HYDROTHERMAL PRECIPITATION OF CALCIUM SILICATES

Hydrothermal reactions are generally carried out in stainless steel or teflon lined pressure
vessels at elevated temperatures. The quantity of water used in these vessels is always such that
both liquid and vapor phases are present for synthesis of calcium silicates above 100°C up to the
critical point of water, 374°C. The solubilities of both lime and silica are small such that the
pressure developed is practically equal to the saturated vapor pressure of steam at the operating
temperature. CaO is prepared by heating analytical grade CaCO3! at 1000°C for 16 hours. High
purity quartz? (99.14% SiO7, 5 um average particle size) is used as the silica source. The quanz
and CaO are added such that a ca/si ratio of 0.83 is achieved. Figure shows the flow chart for the
hydrothermal synthesis. All reactions were carried out at saturated steam pressure in a 23 ml satery
sealed steel vessel3 with a teflon lining. After hydrothermal treatment. the reaction mixtures are
filtered and the solid which remains is generally washed with water and dried in a vacuum
dessicator.

Phase identification of the synthesized powders is performed on an automated X-rayv
powder diffractometers. All scans are run from 4 to 56 degrees 20 at a rate of 2 degrees per
minute. Scanning electron microscopy? is used to determine the microstructure and morphology
of the powders.

! Fisher Scientific. Fair Lawn. NJ.

2 Minsul Quartz. Berkley Spring. WV

3 Parr Bomb 276AC. Parr Instrument Company. Moline., [L.

4 Scintag PAD V. Santa Clara. {L.

5 International Scientific Instruments (1S1) DS-130. Milptas. CA.




CaCQOy heated Minusi
to 1000°C for Sum silica
16 hours- CaQ

Placed in Teflon
lined Parr bomb
with DI water

Adjust pH to 125
using NH  OH

Place in 150°C oven
Saturated steam pressure
7 days

Remove hquids
Wash and Dry
powders

Characterize
Dried powders

Figure . Schematic chart Ulustrating the processing steps involved in the hydrothermal
synthesis of calcium silicate powders.




STRUCTURE AND MORPHOLOGY

There are many calcium silicate phases which may result from hydrothermal weatment of
lime and silica[]. The two phases closest to tobermorite in the same Ca:Si and temperature ranges
are gyrolite and xonotlite.

Gyrolite (Cag)(SigO15)(OH)>¢3H>0 can be distinguished from tobermorite and xonotlite
from the 22 A d-spacing. The gyrolite group is comprised of compounds forming hexagonal or
pseudohexagonal crystals with a (0001) cleavage similar to mica and an a-axis of 9.7 A. Gyrolite is
easily synthesized within temperatures of 120-240°C [].

Xonotlite (Cag)(SigO17)(OH)2 also occurs as a natural mineral. Xonotlite has a lime-silica-
water ratio of 3:3:1. Xonotlite is formed reproducibly when any sufficiently reactive starting
material of 1:1 Ca/Si is weated hydrothermally at 150-400°C under saturated stearmn pressure
conditions. Its formation from lime-silica mixtures proceeds through intermediate stages of C-S-H
and tobermorite. Xonotlite forms prismatic crystals or fibrous aggregates with elongation parailel
to the b-axis. The crystal structure was determined by Mamedov and Belov [] who found that
double drierketten (metasilicate chains) of empirical formula (SigO;7)!2- were present together with
Ca2* and OH- ions.

Tobermorite as a family of phases has characteristic basal spacing of 9.3, 11.3 and 14.0 A
as determined by x-ray diffraction. These basal reflections represent the thickness of the
elementary layers. The 11 A variety has a Ca/Si ratio of 0.83 and can be easily synthesized below
140°C. The 11 A variety of tobermorite can be described as normal if the basal spacing decreases
to 10 A or less on heating at 300°C or anomalous if the spacing does not decrease below 11 A
under the same conditions. According to Megaw and Kelsey([] the crystal structure of 11 A
tobermorite contains two identical complex layers which are parallel to the (001) directon and
which fit together with a center of symmetry. Each layer has two central sheets of composition
4Ca0. These are arranged so that each calcium has four oxygen neighbors in its own sheet and
two in the sheet at the next level. Each pair of adjacent oxygens forms an edge of a tetrahedron
containing silica. These tetrahedras are joined into chains that are parallel to the b-axis. This
structure can either be plate-like or fibrous. Figure shows the scanning electron micrographs of
the hydrothermally derived tobermonte and xonotlite particles. Notice the mixed fibrous and plate-
like morphology of tobermorite.
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MODELLING OF GROWTH HABITS

The computer simulation of crystal growth habits has been carried out using the SHAPE®
program. To draw an individual crystal using this program, it is necessary to enter the crystal
class. the point group, the corresponding unit cell parameters. and the indices and central distance
for one face of each form. From the crystal class and point group, the program determines what
symmetry operators to use in the calculations, and generates all the faces belonging to each form.
The central distance is the perpendicular distance from the center of the crystal to the faces of the
corresponding form. The greater the distance, the less prominent the form (the smaller the area of
the faces of that form in the final shape). The following crystallographic data has been used to
generate the single crystal shapes of calcium silicates(].

Crystal Lattice: Orthorhombic
Lattice Parameters (nm): 1=0.564.b=0.368.c = 2.26
Point Group: 222

The crystallographic forms specified for the individual shapes are listed in Table 1.

Table 1. Crystal forms and corresponding central distances used to generate
individual single crystal shapes of calcium silicates.

For plate-like structure: For fibrous structure:
FORMS INDICES CENTRAL DISTANCE CENTRAL DISTANCE
1 1-11 1.00 1.00
2 111 1.00 1.00
3 110 0.10 1.00
4 021 1.00 1.00
5 1-20 1.00 1.00
6 101 1.00 1.00
7 010 1.00 0.10

The resulting shapes tor ~etn wwnemes are illustrated in Figure . Crystal growth habit on
the (110) prism planes leads t a1 t:hrous structure of the particles with very large aspect ratos.
whereas the growth habit on the * - ¥/ ~isal planes results in a plate-like structure of the particles.




{110)

{100} —1

Figure .

Simulated single crystal shapes of calcium silicates generated by SHAPE®.

A) Crystal growth habit on {110} prism planes leading to a fibrous morphology, and
B) Crystal growth habit on {100} basal planes leading to a plate-like morphology.
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Abstract

Th-s thes's '‘nvestigates the properties of tobermorite, a form ¢f
calcium siiicate hydrate that compr:ses the binding f:bers in normz
Portiand cemenis. The properties siudied were: the ze.a polen: a3
and !soeiecir'c point of tobermorite !n various concentrations or
CaC'-, the mobii'ly of tobermor:te in these solutions: and the
amoun: =f 7a3.c:um and carbona:e ‘berated for pH vaiues between ~
and 12

The zetia poient:al was found o become more negative for
samp'es :n CaCl. solutions than in sampies prepared in deionized
decarcsnated water. The zeta potent:ai beha. or 1s iisied below 2

Mmeasu-z=men.s were taken for oH va ues et~ 22an 7 ana 13):

a) ae:onzed, average zeta potenuiai = =2 Z.Z
decarbonated water

o) 107 Cali, average zeta poieniai = =3.%.

<) 107°M Cadlis average zeta potenu:al = -2 £3

d) 107M Cali, averaqge zeta potentiai = =10 72

Th-s behavior 's atiributed 10 -he spec'fic adsorp:ion of Ca=-
0ns o~ 33 uLon.
The 'sce’ecir ¢ pe'nts increased when CaCl, was added o
solyz'c-s. cdue .: 3n fi3 'n zeta potentrai, the !soeieciric point fcr

1074 ™M CaCl, was » gner than antic:pated. this unant:cipated resu.:




s atir'buted to carbonate contamination. The 'soelecir:ic 29:nts

obtained are lhisted beiow:

a’ geion:zed, 'soe’ecirc poinl = 033
decarbonated water

b) 10--M Calls isoeiecir:c point = 10 G5

¢) 1073 Calia isoeiecir:c paint = 197

d) 1079 Calis ‘soeiecir:c pont =11 53

The mob:i"zv ~3s a so 'nvest:gated and was found 10 reach a
minimum vaiue 2. ne ‘soelecir'c po:nt due o ncreased csaguiat oo

Fina'ly, the ¢3¢ .m and carbecnale CoNCeniralions were
‘nvestigated 2< a2 “.~cion of pH. The caicium concentratien was
found ‘o be a2 max mum at ‘cw pH vaiues ind:cauing the dissocial :n
of tobermcr'ze  Th2 ca'cium concentratien 23S 3.50 found 1o var.

mverse’y & Lh ZartI~zle CInceniralon, due 2 the format e cf

caicium caroonaa
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ROUGH DRAFT
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Abstract

An unconventional method for processing calcium silicate cement is described. Gel
casting has been applied to other materials. such as alumina, but not to cements (1). Gel
casting uses a monomer solution which can be polymerized to form a strong, polymer-
solvent gel. The monomer solution provides a low viscosity vehicle for carrying the
ceramic powder and the crosslinked polymer gel provides a mechanism for permanently
immobilizing the ceramic slurry in the desired shape. Because the gelled vehicle contains
only 10-20 wt% polymer the solvent can be removed readily from the gelled part by a
relatively simple drying step. Also, because the polymer in the gel is crosslinked it cannot
migrate with thee solvent during drying. Gel casting is a complicated technique involving
several steps. The first step is to determine which monomer and initiator will be used for
polymerizadon. The second step is to mix the cement with the monomer and uniaxially
press the samples to give them shape. The samples were then isostatically pressed to
densify the sample. The cured samples were tested for mechanical properties and the

relationship between processing and properties was determined.

Introduction

Gel casting is a term referring to any process for forming ceramic bodies based on
the in-situ polymerization of monotuncuonal and difunctional monomers in an aqueous
solution. One advantage of gel casung in the case of hydraulic cement is that less water can

be used (<.20 wt%) when mixing the cement slurry. Another advantage is that slurries can




be formed using standard ceramic processing techniques. The difference between gel
casting and polymer impregnated concrete is that in the former case the monomer is mixed
with the cement before forming, not impregnated into the cement after it has been formed.
Forming techniques of gel cast materials include uniaxial or isostatic pressing, casting,
extrusion and injection molding (1).

Gel formation by in-situ polymerization has been applied to enhanced oil recovery
(1). In this method acrylamide monomer (H,C+CHCONH>), crosslinking monomer
(bisacrylamide), ammonium persulfate (NH)4S,03) initiator and a potassium ferricyanide
(K3Fe(CN)g) inhibitor are premixed above the surface and pumped down the oil well.
Pumping is easier due to the low viscosity of the monomer solution. This allows for more

control of the flow of fluids through the reservoir.

Materials and Methods

OPC as-received and hydrothermally prepared dehydrated calcium silicate
(tobermorite) were the two types of cement used for gel casting. The monomer used was
acrylamide (97%) from Aldrich. Two polymerization initiators were evaluated. ammonium
persulfate (NH4);S,03 and potassium persulfate K2S,0s, both from Polyscience. A
typical batch included 80 wt% cement. 13.95 wt% DI water, 6 wt% monomer. 0.05 wt%
initiator. Before the DI water could be used it was flushed with Argon for 12 hours in
order to remove any dissolved oxygen. The oxygen acts as an inhibitor to the
polymerization of acrylamide.

A premix solution of 70 wt% Ar-DI water and 30 wt% acrylamide monomer was
made first. This solution was stored under Ar and used over a period of 2 months. The
water to cement ratio needed for gel casung was (.17 because there is no crosslinking
which can inhibit the cement partcles from moving passed each other. To 40 grams of
cement, 10 grams of premix was added and 0.015 grams of initiator. This slurry was

either mixed by hand or with the shear mixer. The slurry was allowed to sit in Ar for 12




hours before pressing. To press, approximately 4 grams of slurry was used. The bars
were pressed at 120 MPa and cured at 60°C for 7 days with water, without water. or with
Ca(OH);.

In preliminary experiments, the results of the uniaxial pressing of the cement were
unsatisfactory because the microstructure of the samples were inhomogeneous due to
incomplete mixing of the mixture and the strength were low (50 MPa). Therefore. the next
step taken to reduce critical flaw size was isostatic pressing. In isostatic compression the
specimen must be enclosed in a thin. impermeable membrane and compressed by a fluid.
True isostatic compression causes a decrease in volume but no shear or distortion.

The set up for isostatic pressing is quite simple. The samples and fluid are placed
in a steel cylinder with a sealed cap. A gauge is attached to the cap with capillary tubing in
order to rhonitor the pressure inside the vessel. Argone is pumped into the vessel up to a
maximum of 30,000 psi (207 MPa).

Before isostatic pressing the samples were uniaxially pressed to 2900 psi (20 MPa)
so that the samples would maintain their shape while being prepared for isostatic pressing.
Bars pressed with OPC had similar compositions to those used for uniaxial pressing. Bars
pressed with the chemically derived calcium silicate had the same cement:polymer:water

ratio as the OPC samples but the compositions of the cements were varied (Table 2).

Table 2; Sample composition and densites of isostatic pressed cement bars.

— Sample Composition!
A ()% TOB + 20% XON
B W% TOB + 10% XON
C % TOB + 5% XON
D i00% TOB




ITOB = tobermorite, XON = xonotlite

Samples A, B, and C are called self similar composites. The name is given to
samples made with the same composition but different phase and structure. The two types
of morphology (platelike and fibrous) should enhance the strength of the final cement
product.

After the samples were uniaxially pressed to 20 MPa they were placed inside two
impermeable membranes. A vacuum was pulled (30 mm Hg) in order to remove the air
trapped in the membrane. The samples were then placed in the steel vessel and the air
pumped in so that a pressure of 29.9 ksi (206 MPa) was achieved. This pressure was held
for one minute then released. The samples were removed from the membranes and placed

in DI water in the 60°C drying oven for 7 days.

Results and Discussion

There are many variables affecting the polymerization of a monomer during gel
casting. One factor is the type of initiator used for polymerization. A batch using identical
amounts of cement and premix was made using different types of initator. An ammonium
persulfate solution containing 7 wt% inidator had a pH of 1.9, the same concentration
solution containing potassium persulfate had a pH of 4.5. Since the hydration of cement is
dependent on pH it was expected that the potassium persulfate would not inhibit the
hydration as much as the ammonium persulfate, and therefore, produce a higher strength
product. This turned out to be the case as shown in Table 2. However the difference is
negligible.

The strengths were determined using a rather new technique developed by Jack

Mecholsky and Y.S. Chou (3).




The OPC used for these experiments was not milled. Therefore, the strengths
achieved using gel casting could be much higher if the mean particle size was smailer than
11 um. In either case the strength achieved is higher than that for conventionally processed
cements.

Table 2: Strength as a function of initiator for gel cast OPC sampies

(NH4),2S,08 54 +2
K12S,03 56 +2

The mixing method also affected the final strength of the cement. Two identical
batches were made using potassium persulfate as initiator. one mixed by hand and one
using the shear mixer. As shown in Table 3 the shear mixed cement had a significantly
higher bend strength than that mixed by hand. This was also an expected result because
shear mixing produces a more homogeneous mixture, thus eliminating large flaws caused

by improper mixing.

Table 3: Strength vs. curing procedure for the gel cast bars.
Mixing Method Avg, Strength (MPa)
Hand 54 +4
Shear 70 4

The gel cast OPC was cured under three conditions, in Ca(OH),, water, and acetone.
It was expected that the Ca(OH)> would keep the pH of the curing solution above 12 to aid

in hydration and that the acetone would shrink the polymer and densify the sample (2).




Table 4 gives a summary of the mechanical properties of OPC paste cured and
processed at different conditions. The samples cured in Ca(OH); solution showed the
worst mechanical properties. The surfaces of these bars had long (>1000 pim) cracks.
The flaw size was determined using Kc = 1.650c¢!/2, to get an estimate of a lower bound.
These bars had different surface morphology than those cured in water. This implies that
either the infiltration of the Ca(OH); is not complete or that the green structure after uniaxial
pressing has no connected pores. The later altemnative, however, is unlikely.

The microstructure of the fracture surface of the samples shear mixed and cured in
water were all similar. Most of the cracks were less than 50 um in length (measured by
SEM). Strengths for these samples were as high as 59 MPa with a fracture toughness of
1.4 MPa m!/2, The microstructure of the bars cured in acetone also showed large cracks.
It was expected that the acetone would have a positive effect on the strength because
acetone shrinks and densifies the polymer. Apparently the polymer did shrink, leaving

very large pores thus decreasing the strength of the samples.

Table 4: Summary of mechanical properties of OPC paste.

Condition o{(MPa) K(MPa m!/2) Flaw size (um)!
Ca(OH); 13+ e * >1000

211 e * >1000
Water 55 2 1.41 £0.2 387

59 2 1.43 £0.2 326
Acetone 19 £1 0.87 £ 0.1 770

26 £ 1 1.25 £ 0.2 849

I Flaw sizes were calculated




* toughness values were too low to be measured

Table S gives a summary of the mechanical properties of isostatically pressed samples
A-D, which contained varying amounts of tobermorite and xonotlite (See Table 2). The
samples were first uniaxially pressed in order to form the bars then isostatically pressed.
Table 5 shows the results from the density calculations after isostatic pressing and the %
density increase after isostatic pressing. These measurements were made to show that the
samples were densified during isostatic pressing. Folléwing curing, the samples were tested
for swength by Chou (3). Samples A-D were all broken by 3-pt. flexure (span = 2.54 cm)
and indented at 10 kg.

Batch A could not be tested for indented strength because of the warping and long
cracks (10 mm in lengthwise direction). Baiches B-D all showed warping with macropores
ranging from 0.1-1 mm in size. These flaw sizes were measured by Chou using the SEM.
These batches showed lenticular cracks. However, at high magnifications (1000X) the
microstructures of samples C and D appear dense.

The observance of the lenticular cracks could be due to a variety of different factors.
One reason is that there is too much polymer in the slurry. An overabundance of polymer
could cause rebounding of the sample after it is released from the uniaxial press. thus leading
to declamination which was a major source of critical flaw. The declamination of the sample
is also possibly due to the preferential aligning of the tobermorite and xonotlite fibers or
platelets. It was expected that the isostatic pressing would alleviate this problem but that is
not the case. A third possible reason for delamination and the lenticular cracks could be that
when the monomer starts to polymerize it pushes the cement particles apart or swelling of the
polymer durihg curing in the water could push the cement particles apart.

The indented strengths of samples A-D were not as high as those achieved by MDF or

DSP processing. This is due to the number and size of the flaws. The toughness, however.




is comparable to that of MDF or DSP cements. The lamination of the polymer in the

isostatically pressed cement samples could be the reason for high toughness resuits.

Summary and Conclusions

Gel casting can be applied to cement using acrylamide as the monomer and potassium
persulfate as the initiator. Acrylamide was chosen because polyacrylamide has been used
successfully for conventional cements.

The forming technique used to produce the gel cast cements was isostatic pressing due
to the higher pressures which could be achieved. Isostatc pressing also compacts the sample
in three dimensions as opposed to two dimensions in uniaxial pressing.

The OPC samples which had the highest strength and toughness were those that were
made using potassium persulfate. mixed with the Brabender (shear mixer) and cured in
water. The samples made with the hydrothermally synthesized calcium silicate did not have
high strength because of the lenticular cracks. These cracks are most probably caused by
uniaxial pressing. Therefore. another shaping method will need to be evaluated in order to

reduce the number and size of cracks in the final product.




Table 5: Summary of mechanical properties for samples A-D.

B -ua

Sample Density (g/cm3) % increase! 6(MPa) K.(MPa mi/2)
A? 1.8+0.1 354 e e
B 1.8 £ 0.1 35.3 262 1.20£ 0.1
2.1£0.1 37.8 40+2 1.40 £ 0.1
58t2 143+ 0.1
D 21+0.1 35.2 332 1.24 £ 0.1

I After isostatic pressing

2 Warping prevented measurements of strength and toughness
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ABSTRACT

The in-situ polymerization of mono-functional and poly-functional monomers in
aqueous solution is known as gel casting and is used to form ceramic bodies. In this
study the monomeracrylamide, and the crosslinking agent N,'N Methylene-bis-
acrylamide and the inorganic crosslinking agents (Na* and Ca2*) were used in
different concentrations and combinations to gel cast ground silica (quartz).

In the first part of the study the behavior of the polyacrylamide gel was
examined. The influence of different crosslinking agents on ihe gel were determined by
studying the following characteristics:

1. The heat production during the polymerization reaction was studied using
an isothermal calorimeter.

2. The molecular structure of the polyacrylamide gels was studied using a
Raman spectrometer.

3. The viscoelastic behavior of the polymer was studied through a series of
creep-relaxation experiments.

These experiments show that the concentration of Ca2+ and Na* (pH of the
aqueous solution) influences the heat production and the molecular structure more than
the other tested variables. The heat production decreases when the pH increases. The
Raman spectra show that with increasing pH, slight changes in the molecular structure
occur. These differences in molecular structure cause a different viscoelastic behavior
of the gels. Samples made with Na+ are more anelastic, because the deformation of the
formed chain entanglement in these samples is permanent. Because of their crosslinked
structure, samples made with Ca2+ restore elastically to some extent after a stress has
been applied.

The second part of the study tests the usefulness of these gels in gel casting

ground silica solids.




iV
Three aspects of the gel cast samples were studied: the tensile strength of the

samples, the percent shrinkage after drying of the samples, and their micro-structures.
This study indicates crosslinking agents are useful to make three dimensional

gels that can be used in gel cast systems to form brittle materials with a swength up to

6.46 MPa. Only a minor amount of crosslinking agent is needed, otherwise the gel

becomes overcrosslinked, which decreases its elasticity.
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ABSTRACT

The studies reported herein were designed to develop a
better understanding of the influence of different crosslinking
agents on the polymerization of acrylamide gel systems and upon
the resulting physical properties of the composites. Specimens
were developed via a gel-casting process for viscoelastic and
diametral tensile strength testing and the chemical reactions
were monitored by Raman spectroscopy and isothermal calorimetry.
The studies have demonstrated the ability to tailor the
properties of a gel-cast system over a relatively wide range of
reaction rates and the resulting mechanical properties by
utilizing small adjustments to the overall chemistry of the
systemn.

INTRODUCTION

Chemically bonded ceramics (CBC) are low-temperature
materials, whose strength approaches those of many traditional
high-temperature ceramics, and are a novel way of forming high
strength ceramic materials. These materials are formed by a
bonding that takes place via chemical reaction at low
temperature, as opposed to fusion or sintering at elevated
temperature. Gel-casting was chosen as the processing approach
for this study, as it is envisioned to have potential applicaticn
in cement solidification. In this process, the monomers and
crosslinking agents are separately added to the ceramic (or
cement) powder, mixed and the near final shaped object cast. The
final step in the process is the induced polymerization of the
monomer and crosslinking agents.

A major objective of this specific study was to develop a
better understanding of the influence of different crosslinking
agents on the polymerization of acrylamide and on the physical
properties of the composite. The applications of these studies
extends to such diverse fields as soil grouting systems (1],
heavy metal stabilization and/or composite CBC products.

EXPERTMENTAL

The gel-casting process

Two monomers were used in this study: the di-functional
monomer acrylamide (Am) and the di-functional monomer,
N,N'methylene-bis~-acrylamide (BisAAm). The acrylamide system was
chosen for this study Ltecause its polymer has already been
successfully used in MDF-cements prepared from ordinary portland
cement (OPC) (2,3,4,5). The crosslinking reaction utilized the
BisAAm in order to create a three-dimensional structurez
Additional crosslinking was obtained with metal ions Ca and
Nat, which were added in the hydroxide form to the aqueous mixing




solution before polymerization. These ions were chosen to
simulate contents of cement solutions. The basic aqueous
solutions initiate in-situ polymerization [1] conversion of the
carboxamide groups to carboxyl groups. Optimization of the
crosslinking in the presence of inorganic cations is a function
of pH, Eh and concentration (6,7]. The overall system must be
carefully designed in order to avoid the gels becoming unstable
and shrinking and to prevent syneresis.

Two types of samples were prepared for this study. One
type consisted of just the polymerized acrylamide, the other a
polymerized acrylamide with a ceramic filler. Both followed
essentially the same preparation procedure with the former being
prepared without the addition of the ceramic.

Characterization

Viscoelasticity is the time dependent change in stress at a
constant deformation and temperature. To obtain these
measurements, the gels, without ceramic addition, were placed
between parallel plates and a load of 120g was applied to defornm
the gel. After a short period of time, long enough to stabilize
the gel, the lcad was removed and the recovery of the gel
monitored with an linear vector displacement transducer (LVDT).
All displacement measurements were read directly into a computer
and reported as the ratio of delta length change to length as a
function of time.

The heats of polymerization were measured on a Seebeck
isothermal calorimeter at 25“C. All samples were run in a Teflcn
coated copper sample holder.

Changes in the vibrational spectra of the component
acrylamide were monitored in the polymerized form with the
different crosslinking agents on an Instruments SA Rananon U-1000
microfocus spectrometer. All data was collected with the 514 nn
emission of argon ion laser set at 300mW of laser power.

Spectra of all of the starting components were collected and
served as "fingerprints" for comparison with the polymerized
samples.

Simple strength tests were conducted with cylindrical
specinens in a diametrical splitting configuration on an MTS
load-frame using a 10,000 psi load cell. The crosshead speed was
set at 0.002 inches per minute. Test specimens were prepared
following the GEL-casting procedures outlined above. For this
study, an inert filler consisting of approximately 70 weight
percent 30 micron quartz was selected.

RESULTS AND DISCUSSION

Calorimetry

In this study, four different experiments were conducted
to determine: a) the effect of varying amount of the BisAAm
monomer upon crosslinking: b) the effect of varying amounts of A-
and BisAAm on crosslinking; c) the effect of calcium ion with
varying pH and d) the effect of sodium ion with varying pH.
Compositions for specimens in these studies are presented in
Table 1.

In general it was observed that as the amount of BisAAm and
as the ratio of BisAAm to Am increased the degree of crosslinking
as indicated by the enhanced liberation of heat. The rate of the
chemical reaction as indicated by the time to reach maximum heat
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output also decrease monotonically with increasing crosslinking.
The presence of calcium ions in solution of varying pH
appeared to have little effect upon degree of crosslinking across

the pH range of 8 to 13.

The rate of the reaction exhibited a

decrease with increasing pH. This behavior is contrasted to the

mono-valent cation,

sodium which exhibited a marked decrease in

heat liberation above about pH of 12. This behavior is mirrored
by a sharp decrease in reaction rates in this same pH range.
Figure 1 is presented as an example of these data.

Viscoelastic studies

Two sets of creep-relaxation experiments were performed
in which a) gels_with varying BisAAm concentrations

with ca¢t concentrations were studied. These

and Na

formulations are also presented in Table 1.
Results obtained in the experiments with constant

concentrations of Am and varying amounts of BisAAm demonstrated
that both maximum creep and maximum relaxation decreased with
increasing BisAAm concentrations. These observations are in
concert with intuitive assumptions that more crosslinking will
result from greater concentrations of BisAAm and hence the gels
will become more anelastic:

weight % BisAAm

creep/relaxation ratio

0.
2

1
.5

0.5
4.6

and b) gels

1.0
6‘4

Polyacrylamide crosslinked with inorganic ions revealed

markedly different effects.

Samples prepared with sodium ions in

solution exhibited a lower relative relaxation compared to a
standard sample of gelled polyacrylamide without any cation
addition, while gels with calcium ion, at the same concentration

as sodium,

ion

creep/relaxation ratio

none
6.4

ca¢t
2.9

exhibited a2 higher relative relaxation:

Na*t
15.9

These results suggest that the chain branching caused by the




mono-valent sodium ion is greater than the di-valent calcium ion
resulting in a stiffer more anelastic gel. This observation is
consistent with what would be anticipated based solely on
valence. The explanation of these observations lies in the
nature of the chain entanglements that result for crosslinking.
The sodium ions, having only a single charge, forms branches in
the polyacrylamide molecules rather than extensive crosslinking
networks. Charlesby [8] suggests that for a limited time period,
chain entanglements behave as permanent crosslinks. Under
stress, these chain entanglements undergo permanent changes. This
interpretation is further supported by the behavior of the gels
containing calcium. Here crosslinking networks are formed, so
that when the outwardly applied stress is released, the network
can restore itself to a greater extent than the entangled gels.

Raman spectroscopic characterization

Based on previous assignments [9,10,11,12] the Raman spectra
of polyacrylamide gels crcsslinked with sodium and calcium show
changes in the skeletal stretching and skeletal deformation as
the pH increased. The spectra in this region are very complex
but maybe used as "fingerrrints" to note changes. The most
significant changes occurred in these spectra when the pH
exceeded 12. However, when the fingerprint spectra of the sodiun
and calcium samples are ccntrasted, differences are present,
suggesting significantly different crosslinking taking place.
Although not fully interpretable in detailed terms, the Raman
data both support the calorimetric and viscoelastic results.

Diametral tensile strength

Four separate sets of experiments were conducted with quart:z
filled, gel-cast polyacrylamide composites. These studies
consisted of: a) varying the amount of BisAAm with constant Am
and solids loading; b) varying the pH of aqueous solution
containing sodium ions; c) varying the pH of agqueous solution
containing calcium icns and d4) varying the grain size of the
inert filler. Table 2 details the composite conmpositions used
in these studies.

Increasing the amount of BisAAm by just a half of a weight
percent resulted in nearly a 50% decrease in strength from 6.5
MPa to about 3 MPa. The effects of both the calcium and sodium
ions on the silica composites are gquite similar. Optimum
crosslinking appears to have occurred at pH of approximately 11.5
which is manifested :n tne maximum tensile strength of about 3.5
MPa. As the pH is var:ed from this optimal value the strengths
of the composites are seen to decrease. The pH value of 11.5 is
the value at which the cnset c¢cf rapid decrease in the time to
maximum heat product:cn :n the unfilled gels occurs. Finally, as
would be anticipated, :crmccsites prepared with varying size
fillers ranging from : %z ) microns exhibited a decreasing
strength with increas:.:-7 :rain size, Table 2.

SUMMARY

The in situ poly-er.:at:cn and subsequent gelaticon of
aqueous systems of organ.: —monomers to bind inorganic matrixes
has many applications. The cbjective of this study has been to
examine the reactions cccurring in and the characterization of
one set of materials empl:ving these methodologies. The results




of this study are intended to have more generic uses in a wide
variety of applications. These studies have demonstrated the
ability to tailor the properties of a gel cast system over a
relatively wide range of reaction rates and the resulting
mechanical properties by utilizing small adjustments to the
overall chemistry of the system. This may be desirable in systenms
where precise control of these characteristics are required.

TABLE 2. FORMULATIONS USED IN GEL-CASTING EXPERIMENTS AND RESULTS
OF TENSILE STRENGTH TESTS.
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However, these results also point to potential problems that may
be encountered when utilizing these systems, that relatively
small changes in concentrations and/or the presence of relatively
small amounts of impurities may result in significant changes in
characteristics of the composite.
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Figure 1.

Reaction intensity for polyacrylamide gels (Am = 34

wt.%, BisAAm = variable). A) maximum peak heat B) time to reach
the maximum peak heat for the different polymerizat.on reactions.

Part 1 - as function of BisAAm concentration.

function of pH (adjust with NaOH).
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